Abstract: Polyethylene glycol (PEG) and polyvinyl alcohol (PVA) were used as a zinc electrode binder at different concentrations to enhance the electrochemical behavior of zinc electrodes for nickel-zinc (NiZn) batteries. ZnO powders synthesized by mechanochemical and hydrothermal precipitation methods were mixed with lead oxide, calcium hydroxide and binder to prepare zinc electrodes in pouch cell NiZn batteries. Scanning Electron Microscopy (SEM) and X-Ray Diffraction (XRD) analysis reveal that initial morphology of zinc electrode changes drastically regardless of the binder type and its loading after charge/discharge process, and even the charge/discharge process is not complete. The results show that the presence of PEG causes better discharge capacity compared to that of PVA as a binder. Zinc electrode prepared using commercial ZnO powder and 3 wt.% PEG gives the optimum discharge capability, with a specific capacity of approximately 311 mAhg -1 , while zinc electrodes prepared using ZnO powder synthesized from ZnCl2 and Zn(NO3)2.6H2O and 6 wt.% PEG exhibit high specific energy of 255 and 275 mAhg -1 , respectively. The results suggest a relationship between binder loading and battery capacity, but in-situ analysis of microstructural evolution of zinc electrode during charge/discharge process is needed to confirm this relationship.
INTRODUCTION
The nickel-zinc battery is one of the most significant energy storage systems for various electrical applications due to moderate specific energy (55-85 Whkg ), high open circle potential (1.705 V), and a nominal cell voltage of 1.6 V [1] [2] . Nickelzinc batteries have attractive advantages such as being low cost, environmentally friendly and having abundant resources for raw materials. However, these kind of batteries have not reached their full potentials mostly due to critical problems. These problems are attributed to shape change of zinc electrode with increasing charge/discharge cycle count, zinc electrode passivation, and dendritic zinc growth leading to short-circuiting of the battery. During discharge process, zincate ion (Zn(OH)4 2− ) in the alkaline electrolyte is formed before zinc oxide precipitates. During charging process, the concentration of zincate ions near the bottom of the electrode decreases and zincate ions are precipitated as zinc oxide when the limit of solubility is reached. This process leads shape change and the formation of dendrite of zinc as well as the protrusion on the surface of zinc electrode with increasing number of charge/discharge cycles.
Passivation is also another serious problem for deterioration of zinc-based batteries. The passivation of zinc electrode occurs when the solubility of zincate is exceeded in electrolyte close to the surface of the zinc electrode, and an insulating ZnO barrier layer is formed on electrode surface [3] [4] [5] . As a result of these issues, short cycle life and/or poor electrochemical performance have limited the wide-range application of NiZn batteries. Many attempts have been made to overcome these problems. One approach is to use additives in either electrode [6] [7] [8] [9] or electrolyte [10] [11] [12] . Another one is to fabricate an electrode including different morphology and size of zinc oxide [13] [14] [15] . Some of oxide additives used in zinc electrode, such as Ca(OH)2 [16, 17] , Bi2O3 [18] , PbO [19] , TiO2 [20] , and In2O3 [21] are convenient to decrease the concentration of the zinc oxidation products and improve electronic conductivity and current distribution [17] . Binders or gels, such as sodium silicate [22] , tapioca [23] , polytetrafluoroethylene [24, 25] , carbopol gel [26, 27] , and sago [28] , are ways to improve the active material utilization and effective surface area in zinc electrode.
Many organic additives in alkaline solutions are used as zinc corrosion inhibitors. Polyethylene glycol (PEG) is suitable for binding agent in electrode preparation to inhibit zinc corrosion. EinEli and co-workers investigated the effect of PEG with a molecular weight 600 kgkmol -1 and polyoxyethylene alkyl phosphate ester acid (GAFAC RE600) on zinc metal electrode [29] . The results showed that the electrochemical studies represented PEG in alkaline solution had much more efficient inhibition capability compared to GAFAC RA600 [29] .
Additionally, poly(vinylalcohol) (PVA) which is one of the alkaline polymers are also used as a binder to enhance ionic conductivity of electrolyte and electrode. The influence of PVA and KOH in polymer electrolytes on ionic conductivity of electrolyte was investigated by Mohamad et al. [17] . The result of this study indicated that the capacity was found to be 5.5 mAh at the end of Cihanoğlu G, Ebil Ö. JOTCSA. 2018; 5(sp.is. 1): 65-84.
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67 100 cycles [17] . In another study, polymer gel electrolyte with 60:40 ratio in zinc-carbon cell was examined by Saleem et al. [30] . It was observed that the current charge/discharge efficiency was found to be 57 % [30] . Wu and co-workers focused on the PVA-KOH-TiO2 alkaline polymer solid electrolyte in NiZn batteries [31] . It was reported that the specific capacity of PVA-KOH-TiO2 polymer electrolyte, 250 mAhg -1 , was higher in comparison with the specific energy of PVA-KOH polymer electrolyte, 190 mAhg -1 [31] .
In our previous paper, we reported the preparation of prismatic NiZn batteries with various initial zinc electrode morphologies [32] . ZnO powders were synthesized from different precursors, [32] .
Herein, we present zinc electrode prepared using binder, PEG or PVA, with different concentrations for the pouch cell NiZn batteries. The various zinc oxide structures were also prepared by different processes. Additionally, the various loadings of binders for porous zinc electrode (3, 6 and 12 wt.%) to achieve the battery performance were explored. The aim of this work was to fabricate a nickel-zinc battery by employing PEG and PVA as the binder for the porous zinc electrode and to determine the optimum composition of binder. Morphological studies of zinc oxide as active material for the porous electrode were used to promote the findings.
MATERIALS AND METHODS

Preparation of ZnO powders
ZnO powders with different morphologies were synthesized from ZnCl2 and Zn(NO3)2.6H2O
precursors following the method reported previously [32] . Nanosized spherical and plate-like shaped ZnO particles were prepared by simple precipitation method. Briefly, in the first precipitation method, 100 mL solution containing 0. 
Preparation of electrodes for test cells
In order to minimize the time for electrical characterization and materials use, only 1 gram of zinc oxide powder was used in zinc electrodes in all experiments. Zinc electrodes with different compositions were prepared. Details of zinc electrodes are summarized in Table 1 . Zinc electrode paste was prepared by mechanically mixing zinc oxide, calcium hydroxide (3 wt.%), lead oxide
(1 wt.%), polyethyleneglycol or polyviniylalcohol as binders (300 μL aqueous solution), and 100 μL of 10 wt.% KOH solution. The binder loading was varied between 3 and 12 wt. The paste was applied onto a 40 m thick craft paper to form a uniform layer and a copper wire was placed on top as current collector. The craft paper was then folded and sealed to obtain a zinc electrode 2 cm x 2 cm in size. To make sure that there is a good contact between current collector and zinc electrode, electrodes were tightly sealed under pressure. 
Electrochemical tests
The charge/discharge tests were performed using two DC power supplies (RXN 305D) which work either current or voltage limited. All tests were performed at room temperature. Initial charging of the cells was performed at a constant voltage of 2.4 V. Discharge tests were applied by attaching a 10-Ω load to cells. Zinc electrodes after charge-discharge cycles were dried at 30 o C under vacuum for evaluation of microstructure during battery operation.
RESULTS AND DISCUSSION
The characterization of zinc oxide powder
The characterization of zinc oxide powders which were necessary for the production the zinc electrode were detail given in our previous work [32] . When briefly referring to the results, the XRD analysis showed that the existence of only ZnO in synthesized powders was confirmed, and no peaks related to Zn(OH)2 was observed [32] . Based on the results of SEM, it was found that the commercial ZnO powder had greater crystallinity compared to synthesized ZnO powders.
Beside this, ZnO powder synthesized from ZnCl2 had a homogeneous distribution of spherical particles while ZnO powder synthesized from Zn(NO3)2.6H2O showed different morphologies with plate-like structures mixed with need-like particles. Also, the commercial ZnO showed a wide range of particle size distribution with most of the particles having needle-like shapes as well as having tripod and nanorod shapes [32] .
XRD patterns analysis of zinc electrodes
In order to confirm initial findings related to morphology of the electrode before its first charge, after first charge and first discharge, XRD analysis is performed on each zinc electrode containing XRD spectra of all zinc electrodes containing binders, either PEG or PVA, with different concentrations are presented in Figure 2 . The XRD patterns show that zinc oxide was dominant phase for each zinc electrode after three charge/discharge cycles (JCPDS-2 79-2205, JCPDS-2 24-0222). Figure 2a shows XRD spectra of zinc electrodes containing ZnO synthesized from ZnCl2. Based on XRD spectra of samples A, there are some weak peaks of calcium zincate (CaZn)
for sample A2 and A4. The XRD spectra of zinc electrodes containing ZnO synthesized from Zn(NO3)2.6H2O, as shown in Figure 2b . Similar to samples A, the weak peaks of calcium zincate are detected in all samples B. It can be concluded that is no difference between all zinc electrodes after third discharge and electrode paste before first charge, and the result corresponds to previous report in the literature [32] . 
Morphology evolution of zinc electrodes
The morphology evolution process of zinc electrode prepared using zinc oxide powder synthesized from ZnCl2 and 3 wt.% PEG as a binder before charge, after first charge and first discharge are shown in Figure 3 . The microstructure and surface morphology of the paste zinc electrode is shown in Figure 3a . The SEM image of zinc electrode after first charge is shown in Figure 3b . Compared to Figure 3a and Figure 3b , ZnO nanospheres were mostly replaced spindlelike structures, and most of the ZnO crystals were converted into zinc. However, detailed SEM analysis at different locations of the sample also reveals that first charging of these zinc electrode was not performed fully and there were some ZnO particles, which were not converted into metallic zinc. Figure 3c displays the morphology of the same zinc electrode after first discharge.
It was observed that regardless of the initial morphology, the electrode showed morphologies almost completely erasing the memory of initial structure even after the first charging procedure. 
RESEARCH ARTICLE
73
The microstructure evolution process of each zinc electrode containing ZnO synthesized from The microstructure evolution process of zinc electrode prepared using ZnO powder synthesized from Zn(NO3)2.6H2O and 3 wt.% PEG before charge, after first charge and first discharge is shown in Figure 5 . After charge/discharge cycle, the morphology of zinc electrode was found to be different than its initial morphology in terms of particle size and shape. Similarly, the morphology of zinc electrode shows spindle-like structures, and most of the ZnO crystals were converted into zinc after first charge, as seen in Figure 5b and Figure 5c . The morphology evolution process of zinc electrode prepared using commercial ZnO powder and 3 wt.% PEG as a binder before charge, after first charge and first discharge are shown in Figure   7 . The microstructure and surface morphology of the paste used for zinc electrode is shown in Figure 7a . After first charge/discharge process, the hexagonal structure of ZnO almost
disappeared and turned into dendritic form, as seen in Figure 7b and Figure 7c . However, detailed SEM analysis at different locations of the zinc electrode also reveals that first charging of this kind of zinc electrode was not performed fully and there were some ZnO particles which were not converted into metallic zinc. Based on the results of discharge capacity for all NiZn batteries, initial morphology of zinc electrode as well as type and loading of binder material plays a role in battery performance.
Additionally, electrode surface area available for electrochemical reactions causes the change in discharge performance of battery. The increase in the surface area of zinc electrode exhibits the increase in materials utilization and power density and the reduction of passivation at high discharge rates in NiZn batteries [23, 32] . High surface area of zinc electrode can improve battery performance due to short ion transport length for both electron and zinc ion transport,
high electrode/electrolyte contact area and easy charge transfer reaction on electrodeelectrolyte interface [33] [34] [35] [36] .
The test setup was based on pouch cells and liquid KOH electrolyte. This setup is far from the ideal battery configuration (AA size or prismatic almost dry cell) however; it still provides valuable information regarding to zinc electrode behavior. Due to high internal resistivity of the cells used this study, voltage and current values measured during testing are far from commercial NiZn batteries. On the other hand, isolation of zinc electrode from nickel electrode in this setup by a large amount of potassium hydroxide solution prevented passivation of zinc electrode at high discharge rates.
CONCLUSION
In this study, the influence of the binder on the electrochemical behavior of zinc electrode for pouch cell NiZn battery was investigated. By comparison with the types and loading of binders in zinc electrodes, the electrochemical properties of the electrodes were evaluated by charge/discharge cycling test. Clearly, binder loading and binder type have an effect on electrode discharge capacity. Based on these findings related to all zinc electrodes, the following conclusions can briefly be made:
 As investigated the results of zinc electrode including commercial ZnO powder, the PEG loading of 3 wt.% exhibits the maximum discharge capacity of 311 mAg −1 . The specific discharge capacity of these zinc electrodes decreases gradually accompanied with the increasing loading of PEG. Additionally, the discharge capability of PEG as a binder shows more efficient than that of PVA. Similar to result of PEG behavior, the increase in the PVA loading leads to reduce the discharge capacity of this kind of zinc electrodes.
 Among all results of zinc electrode containing ZnO powder synthesized from Zn(NO3)2.6H2O as a precursor, the PEG loading of 12 wt.% shows the highest specific discharge capacity of 275 mAhg -1 . At the same time, the discharge capacity of this kind of zinc electrode is approximately the same as that when using a PEG loading of 6 wt.% and 12wt.%. These kinds of zinc electrodes with PVA as a binder exhibit lower discharge capacity than those with PEG. The specific discharge capacity of these zinc electrodes decreases with increasing PVA loading.
 Compared to the results of zinc electrode using commercial ZnO powder and synthesized ZnO powder from Zn(NO3)2.6H2O as a precursor, the discharge capacity of zinc electrode using synthesized ZnO powder from ZnCl2 displays different behavior. For discharge capacity, zinc electrode using synthesized ZnO powder from ZnCl2 and 6 wt.% of PEG as a binder exhibits the highest capacity of 255 mAhg -1 , however, other loading of PEG (3 and 12 wt.%) for this kind of zinc electrode give dramatically lower discharge capacity.
It could be said that PEG as a binder used in zinc electrode with synthesized ZnO powder from ZnCl2 performs better performance than PVA. The discharge capacity delivered by this kind of zinc electrode with 6 wt.% PVA (157 mAhg -1 ) is more than those with other PVA loading (3 and 12 wt.%).
It was concluded that the specific discharge capacity of zinc electrode for pouch cell NiZn battery is not only dependent on the binder loading and type, but also the initial morphology of ZnO powder.
